The Clean Air Act Amendments (CAAA) of 1990 have established selected comprehensive, three-dimensional, Photochemical Air Quality Simulation Models (PAQSMs) as the required regulatory tools for analyzing the urban and regional problem of high ambient ozone levels across the United States. These models are currently applied to study and establish strategies for meeting the National Ambient Air Quality Standard (NAAQS) for ozone in nonattainment areas; State Implementation Plans (SIPs) resulting from these efforts must be submitted to the U.S. Environmental Protection Agency (U.S. EPA) in November 1994. The following presentation provides an overview and discussion of the regulatory ozone modeling process and its implications. First, the PAQSM-based ozone attainment demonstration process is summarized in the framework of the 1994 SIPs. Then, following a brief overview of the representation of physical and chemical processes in PAQSMs, the essential attributes of standard modeling systems currently in regulatory use are presented in a nonmathematical, self-contained format, intended to provide a basic understanding of both model capabilities and limitations. The types of air quality, emission, and meteorological data needed for applying and evaluating PAQSMs are discussed, as well as the sources, availability, and limitations of existing databases. The issue of evaluating a model's performance in order to accept it as a tool for policy making is discussed, and various methodologies for implementing this objective are summarized. Selected interim results from diagnostic analyses, which are performed as a component of the regulatory ozone modeling process for the Philadelphia-New Jersey region, are also presented to provide some specific examples related to the general issues discussed in this work. Finally, research needs related to a) the evaluation and refinement of regulatory ozone modeling, b) the characterization of uncertainty in photochemical modeling, and c) the improvement of the model-based ozone-attainment demonstration process are presented to identify future directions in this area. -Environ Health Perspect 103(Suppl 2): 107-132 (1995) 
Quality Standard (NAAQS) for ozone, an hourly averaged concentration of 0.12 ppm, is routinely violated in extensive urbanized regions, as well as in suburban and rural areas across the country. Indeed, in 1990, over 133 million Americans were living in areas where this standard was violated. The multifaceted nature of the problem stems from the fact that ozone is a secondary pollutant; it is formed in the troposphere through nonlinear chemical reactions between precursor species (oxides of nitrogen and volatile organic compounds) that are emitted by a wide variety of both anthropogenic and natural (biogenic) emission sources. The situation is exacerbated by meteorological conditions that can significantly enhance the ambient concentrations ofozone in specific locales.
The Clean Air Act requires the responsible state agencies to prepare an ozone attainment State Implementation Plan (SIP) for areas identified administratively as Metropolitan Statistical Areas (MSAs), Consolidated Metropolitan Statistical Areas (CMSAs), and counties where ozone levels do not comply with the NAAQS. This plan should document ways and means to meet and maintain ozone NAAQS in those areas in a time framework determined by the severity of the problem: for example, areas classified as having a severe ozone problem are allowed 15 or 17 years from 1990 to attain the ozone NAAQS, depending on their design value (see below), whereas areas classified as moderate are allowed 6 years. After approval by state and local governments and the U.S. EPA, the SIP is legally binding under both federal and state law.
The regulatory implementation of the standard requires that the average number of days exceeding an hourly averaged maximum concentration of 0.12 ppm over a 3-year period be less than or equal to one. This form of the ozone NAAQS allows for the occurrence of unusual meteorological events, which could result in more than one exceedance in any one year during a given 3-year period. So, if ozone monitoring sites in a region have recorded maximum hourly averaged ozone concentrations exceeding the 0.12 ppm level in 3 days during the first year, while no exceedances were observed during the next 2 years, the region is considered to be in compliance with the ozone NAAQS. Depending on its ozone design value (DV), the fourth highest daily maximum hourly averaged ozone value monitored in the region over a 3-year period, each area in noncompliance with the standard is classified as a marginal (DV=1 10 .121-0.138 ppm), moderate (DV= 10 .138-0.160 ppm), serious (DV=10.160-0.180 ppm), severe (DV>0.180-0.280 ppm), and extreme (DV> 0.280 ppm) nonattainment area.
Because of the complexity of photochemical air pollution systems and due to a variety of interacting chemical and meteorological processes, the only rational way for quantifying the tropospheric ozone problem and for establishing causal relations among emission levels, meteorological conditions, and ambient air quality is through the application of comprehensive three-dimensional Photochemical Air Quality Simulation Models (PAQSMs). These models should incorporate in sufficient detail the current scientific understanding of the chemical and physical mechanisms affecting ozone formation, accumulation and transport. The Clean Air Act Amendments (CAAA) of 1990 indeed require ozone nonattainment areas designated extreme, severe, and serious to demonstrate attainment of the ozone NAAQS through photochemical grid-based modeling. Interstate moderate areas are subject to similar requirements. Furthermore, intrastate moderate areas must demonstrate attainment through modeling, but use of grid models is an optional alternative to less comprehensive approaches. The SIPs that will contain enforceable regulations for ozone precursor emissions, based upon the results of the photochemical modeling, must be submitted to the U.S. EPA by November 15, 1994 , after undergoing public hearings in each state.
The U.S. EPA has adopted the Urban Airshed Model, version IV (UAM-IV), an urban-scale grid-based model that has been under continuing development and refinement for almost two decades as the recommended model for photochemical modeling applications involving entire urban areas; other grid-based models may also be used after appropriate evaluation on a case by case basis. UAM and similar urban-scale models are typically applied to simulate photochemical air pollution dynamics over areas ranging from 50 x 50 to 300 x 300 km2 with a grid resolution of 2 2x2 to 8x8 km horizontally and 50 to 500 m vertically. For areas where long range transport of ozone and precursors is significant and affects air quality in multiple urban areas, a combination of regionaland urban-scale modeling has been adopted by U.S. EPA and state environmental agencies as the preferred approach. Such an area is, for example, the Northeast Ozone Transport Region (NOTR), i.e., the metropolitan corridor extending from Washington, D.C., to Maine. The photochemical model used currently by U.S.
EPA to assess regional dynamics and impact of ozone is the Regional Oxidant Model, version 2.2 (ROM-2.2); it simulates an atmosphere structured in three layers in the vertical direction and is 2 applied over areas of 1,000 x 1,000 km or larger, with a horizontal resolution of 2 approximately 18.5 x 18.5 km . ROM has been applied to regional domains in the Northeast, South, and Midwest. The gross information calculated by ROM is then transferred to UAM or an equivalent urban-scale model, which performs a locally refined simulation in the form of initial and boundary conditions; this approach constitutes a so called one-way nesting of models, since the finer scale results are not utilized by the regional model. As an example, Figure 1 shows the modeling domain for the Philadelphia-New Jersey UAM-IV regulatory application, which includes the Philadelphia-Trenton-Wilmington Consolidated Metropolitan Statistical Area as well as the entire state of New Jersey, and utilizes a grid horizontally resolved at 5 x5 km2 embedded in the Regional Oxidant Modeling for Northeast Transport (ROMNET) project ROM2.2 domain. The structure of the comprehensive multiscale system, including core models, preprocessors, and postprocessors, employed for regulatory ozone modeling of this domain, is depicted schematically in Figure 2 ; sample time-series comparisons of interim surface ozone calculations for July 7 and 8, 1988 , using this modeling system with values observed at selected monitoring sites, are presented in Figure  3 . Such calculations represent part of a diagnostic analysis that is performed with the 1988 interim U.S. EPA emission inventory and various simplifying assumptions for the meteorological inputs (1) .
Although PAQSMs have been under continuing development for over 20 years and have been applied extensively as both research and diagnostic tools, the 1994 ozone attainment SIP modeling process constitutes the first use of complex grid-based ozone models in a precise regulatory setting across the entire United States. This process, which has achieved the transformation of a research tool into a widely applied regulatory and policy tool, has also posed increased requirements for a) preparing more accurate emission and meteorological inputs for PAQSMs Figure 1 . Example of one-way nesting of regional and urban PAQSMs: the modeling domain for the Philadelphia-New Jersey UAM-IV regulatory application (utilizing a grid horizontally resolved at 5x5 km2) is shown embedded in the ROMNET domain (resolved at approximately 18 .5 x 18.5 km2.
the current standard, i.e., UAM-IV or the combined UAM-IV/ROM2.2 system. Currently, special programs, which are supported by extensive field studies and model development and evaluation projects, utilize an approach that is more integrated than that of the UAM-IV/ROM2.2 system. In these recently developed multiple-scale models, the finer urban-scale grids are directly embedded within a coarser regional grid thus providing two-way grid nesting. When this approach is used, concentration estimates from the high resolution areas are used to calculate downwind concentrations in the low resolution areas. Such special programs, which are implemented within the regulatory setting of the 1994 ozone attainment SIPs, include the Lake Michigan Ozone Study (LMOS), and the joint San Joaquin Valley Air Quality Study and Atmospheric Utility Signatures, Predictions, and Experiments Study (SJVAQS/AUSPEX) Regional Model Adaptation Program (SARMAP); the nested grid models utilized in these programs are, respectively, the Urban Airshed Model with Variable Grid (UAM-V) and the SARMAP Air Quality Model (SAQM), an adaptation of the Regional Acid Deposition Model (RADM).
The scientific issues underlying the physics and chemistry of the tropospheric ozone problem and their incorporation in air quality models, as well as many of the related policy questions, were summarized in 1991 in a report of the Committee on Tropospheric Ozone Formation and Measurement of the National Research Council (2) ; this document also provides an excellent introduction to the vast literature on these subjects. The following presentation contains a summary of the regulatory Environmental Health Perspectives modeling process, as defined in the framework of the 1990 CAAA and the 1994 ozone attainment SIPs. It also contains a nonmathematical overview and discussion of existing modeling tools, including photochemical air quality models and the necessary emissions and meteorological information preprocessor models, in the context of regulatory ozone modeling. The associated input and evaluation data needs, as well as the processes of applying and evaluating models in the ozone attainment demonstration framework, are also critically reviewed. Finally, issues related to research and database development needs for refining future ozone modeling practices are discussed.
The Regulatory Modeling Process
The regulatory application of grid-based PAQSMs, which, in most cases, involves either UAM-IV or the combined ROM2.2/ UAM-IV system, for the 1994 ozone attainment SIPs, affects a broad spectrum of society. The SIP modeling domains often encompass multiple geopolitical boundaries (counties, cities, and states) with a potentially large regulated community. Therefore, a regulatory photochemical application requires the coordination and collaboration of a large number of technical and policy groups to achieve a consistent modeling implementation, as well as a rational interpretation and use of the modeling results. Steps needed to conduct an urban-scale photochemical modeling study using the UAM or a similar PAQSM typically consist of the following (3, 4) (13) . Three-hour integrated samples of hydrocarbons were taken at 0600 to 0900 LST from Monday through Friday on days forecasted to have high 03 concentrations.
All of the monitoring sites were located within metropolitan areas. These samples were analyzed using current techniques, and the speciation results are considered valid. This is not generally true for samples collected and analyzed prior to 1982 due to numerous problems now known to be associated with older sampling and laboratory analysis procedures (11) .
Useful information on the speciation and three-dimensional structure of ozone episodes has also been collected through various intensive field studies, implemented at various spatial and temporal scales and resolutions, that include among others the Northeast Regional Oxidant Studies (NEROS I and II) and the Persistent Elevated Pollution Episodes (PEPE) study (14) , the Northeast Corridor Regional Modeling Project (NECRMP) (15) concentrations. Cloud transport processes can also be important in ozone meteorology; strong thermal vertical updrafts, primarily originating near the surface in the lowest portion of the mixed layer, feed growing fair weather cumulus clouds with vertical air currents that extend in one steady upward motion from the ground to well above the top of the mixed layer. These types of clouds are termed fair weather cumulus since atmospheric conditions are such that they do not grow to the extent that precipitation forms. The dynamic effects of this transport process and daytime cloud evolution can have significant effects on the chemical fate of pollutants. For example, fresh emissions from the surface layer can be injected into a warm thermal and rise, essentially unmixed, to the top of the mixing layer, where they enter the base of a growing cumulus cloud. Within the cloud, the chemical processes of ambient pollutant species are suddenly altered by the presence of liquid water and the attendant attenuation of sunlight. The presence of fair weather cumulus clouds implies that the atmosphere above the earth's boundary layer is too stably stratified for thermals to penetrate higher. In this case, the air comprising the tops of these clouds returns to the mixed layer and is heated on its descent, since it is being compressed by increasing atmospheric pressure. Ultimately, the air again arrives at the surface level where new emissions can be injected into it and ground deposition may occur, and the process may begin again. The time required for one complete cycle is typically 30 to 50 minutes with perhaps 10% of the time spent in the cloud stage.
The Structure ofPAQSMs Three-dimensional grid-based (also called airshed) PAQSMs describe pollutant transport, physical and chemical transformations, and physical removal in a fixed grid that is horizontally and vertically resolved in computational cells. Typically the horizontal dimension of the cell is in the range of 2 to 8 km for urban-scale applications and 10 to 100 km for regional-scale applications, while the vertical dimension typically ranges from 10 to a few hundred meters. In most regulatory ozone models only gas-phase chemistry is included, and this constitutes the only mechanism of pollutant transformation considered. Dry deposition is the only physical removal mechanism since ozone episodes are associated with fair weather conditions. In essence, the mathematical equations of a PAQSM represent a mass balance for each pollutant in each cell of the grid; they express the fact that a) the rate of accumulation of the mass of a pollutant species in each cell plus the net outflow rate of its mass, due to bulk or motion caused by the cell-average wind (advective transport) across the surface of the cell, must equal the sum of the net inflow rate of pollutant mass by turbulent dispersion across the cell surface; b) the net production or removal rate of the pollutant within the cell via chemical reactions, and c) the net removal rate of the pollutant via deposition. The equations describing this balance are discretized (are partial differential equations), as they express relations among rates of change and fluxes in three spatial dimensions and are coupled with each other through the chemical transformation terms; equations for adjacent cells are also coupled via the advective and turbulent transport terms. In practice, most numerical solution schemes assume some type of independence among operations in different spatial directions to decompose the partial differential equations into systems of ordinary differential equations. Even for a modest urban-scale application employing a 50 x 50 cell grid with six layers and the 35 species of the CB-IV mechanism, this requires the simultaneous numerical solution of a system of 525,000 (50 x 50 x 6 x 35) coupled differential equations over a time period corresponding to the episode under consideration. In cases of larger, multiscale domains or when multiphase chemistry and thermodynamic equilibria and physical transformations are considered, the numbers of simultaneous equations and the respective computational requirements rise dramatically. It should be noted that these computations do not include determination of the wind fields or meteorological parameters or the estimation and allocation of precursor emission rates for each cell. These tasks can actually be even more computationally demanding than the solution of the core model system. Traditionally, these tasks are assigned to so-called meteorological and emission preprocessors. These may constitute independent comprehensive modeling systems themselves that can be used in conjunction with various core photochemical models.
The accurate determination of emission rates for each species included in the model chemistry of an average wind vector for each cell of the computational grid for each time step of the numerical solution, as well as of the two-dimensional mixing height field over the modeling domain, are critical for a successful PAQSM application. These issues are discussed in the following sections under Emission Data and Here we discuss briefly the treatment of turbulent transport and deposition that are typically included, along with gas-phase chemistry, in the core modules of photochemical modeling systems.
Treatment of Turbulent Transport in PAQSMs. Atmospheric turbulent transport (also referred to as dispersion, mixing, dilution and entrainment, depending on the application framework) is, for most practical purposes, uncoupled from the simultaneous transport of energy and momentum in the atmosphere, but still poses a difficult problem in modeling. Atmospheric applications require formulations that take into account stability variations, terrain complexities, and other attributes of the system modeled.
Research in turbulent dispersion has led to the development of many comprehensive theories that take into account the stochastic and nonlocal nature of the process. Both Eulerian (continuum or fixed-frame of reference) and Lagrangian (fluid particle) approaches have been applied and have given rise to models that range from simple similarity relations to parabolic and hyperbolic transport equations, to integrodifferential equations, to systems of stochastic ordinary differential equations, and to high order turbulence closure schemes involving systems of coupled partial differential equations (23) . Nevertheless, despite the proliferation of alternatives in research models, the approaches commonly adopted by application-oriented models are rather limited. Indeed, in point source plume and puff models, turbulent dispersion is incorporated in dispersion parameters (a) (24) ; in grid models it is described by a simple (local) gradient transport approximation that is parameterized with eddy diffusivities (K's); the flux of mass is assumed proportional to the gradient of the mean concentration in a given direction, with K being the proportionality factor. This is often referred to as K-theory of atmospheric dispersion. The resulting parabolic equation for pollutant transport is called the gradient transport or atmospheric diffusion equation (ADE) (19, 23) . Simple formulations for the K's, as functions of atmospheric stability, are usually based on similarity theory. A variety of formulations are available and choice of a specific one usually relies on experience from previous use. Horizontal eddy diffusivities are usually assumed constant; formulas for vertical diffusivities incorporate a dependence on height. Typically, the vertical diffusivity increases (almost linearly) with height near the ground, remains almost constant at mid-mixing height, and decreases with height toward the top of the mixing layer.
It should be mentioned that atmospheric dispersion is affected by terrain complexity, presence of a coastline, cloud processes (entrainment and venting), and diurnal variations of boundary layer properties.
Treatment of Dry Deposition in PAQSMs. An important pathway for the removal of ozone and related pollutants from the atmosphere is dry deposition. Commonly, dry deposition models assume that the rate of removal of pollutants is proportional to their respective concentrations near the ground. The constant of proportionality (deposition velocity) depends on the pollutant as well as on meteorological and surface properties. In an attempt to incorporate more physical detail in this description, standard parameterizations utilize a linear resistance analogy for the removal process by modeling it as the result of three consecutive steps. Each step offers a resistance to the pollutant flux, and the deposition velocity is calculated as the inverse of the total resistance. These steps are a) the aerodynamic step, in which pollutants are brought close to the surface by the action of turbulent dispersion; b) the quasilaminar sublayer step near the surface, where molecular diffusion becomes the dominant factor; and c) the transfer uptake or surface step, which involves the actual removal of the pollutant by the surface through absorption, chemical reaction, or biochemical processes.
Calculating the aforementioned resistances is a complicated problem; many theoretical questions remain regarding the representation of near-surface mixing and the interactions of various pollutant species with the ground. However, some empirical parameterizations exist that provide values of the resistances in terms of land use information, surface roughness, atmospheric stability, season, and time of day (25) .
PAQSMs for Reulatory Applications UAM-IV (and its preceding versions) is the grid-based photochemical model that has undergone the most extensive usage and evaluation, with applications to several urban areas in the United States, Europe, and the Far East. It is also the most thoroughly documented model (3) and readily available in the public domain through U.S. EPA's Technology Transfer Network (TTN). UAM has been under continuing development since the early 1970s and currently represents the standard tool for urban-scale studies of photochemical pollution. UAM solves numerically the ADE in terrain-following coordinates on a three-dimensional grid covering the airshed of interest. This grid defines cells that are square in the horizontal direction and are typically of dimensions ranging from 2 2 x 2 to 8 x 8 km . In the vertical direction, the thickness of the layers of cells is determined by the diffusion break, the region top, and the minimum layer thickness. The diffusion break corresponds to the top of the spatially and temporally evolving mixing layer (either an unstable connective layer during the day or a shallow mechanically mixed layer at night). The region top is usually defined at or slightly above, the maximum daily diffusion break. Typical applications of UAM-IV employ 2 to 3 layers below and above the diffusion break, while the region top is located about 2 km above ground level.
The numerical solution methods used by UAM are based on finite difference schemes and employ the concept of fractional steps: a) advection/diffusion is solved in the x-direction; b) advection/diffusion is solved in the y-direction; c) emissions are injected and advection/diffusion is solved in the vertical direction; and d) chemical transformations are performed for reactive pollutants. The standard version of UAM-IV incorporates the CBM-IV photochemical mechanism. The maximum time step in the solution procedure is a function of grid size and the maximum wind velocity, which is determined to ensure numerical stability.
Although UAM has been refined significantly in the 20 or more years since its evolution, the fixed, horizontally uniform computational grid has retained its conceptual basis, until and including UAM-IV, the current regulatory version.
Development Land use input data consist of 11 land use categories for each ROM surface grid cell. These data are used to estimate biogenic emissions as a function of the area of vegetative land cover and to determine surface heat fluxes. Topographic data are also input and used in the calculation of layer heights.
A major limitation of ROM is that its resolution cannot be readily expanded in the vertical direction. The physical three-layer structure of ROM can present problems in mountainous areas where the atmospheric boundary layer has more than one level (2) . Pollutants could be emitted in any or above the three model layers, depending on atmospheric stability and winds. In addition, transfer rates between layers can be affected by the presence of mountains whose heights are greater than the height of the boundary layer. Complications also may appear along coastal regions because of sea breeze circulations. Another concern is the ability of the model to adequately represent wind shear phenomena; it has been argued that this can affect conclusions concerning the relative effectiveness of VOC and NO controls (11) . Regional models providing higher resolution in the vertical direction should be able to alleviate many of these problems.
Other PAQSMSfor Regulatory Applications. UAM-IV is by far the most widely accepted PAQSM for urban-scale regulatory applications. Other urban-scale models have been used mostly as research tools. A potential alternative to UAM-IV is CAL-GRID, which has similar input data requirements as well as computational objectives, but uses different parameterizations and numerical solution methods; the chemistry incorporated in CALGRID is the SAPRC mechanism. There is however a variety of application-oriented regional scale models that incorporate tropospheric photochemistry. These (32) .
Area sources. Existing inventories usually contain collective emissions estimates at the county (or municipality) level for sources considered too minor or too numerous to be handled individually in the point source inventory. In addition to small stationary sources, the basic area source inventory often includes emissions from off-highway mobile sources such as aircraft, locomotives, and off-road vehicles. It is possible that many sources, which are treated as individual point sources in the basic inventory, are aggregated during the preparation of the modeling inventory. Specific cutoff limits for representing a source either as an individual point or lumping it in an areal sum are usually established based on an evaluation of the number and distribution of sources in the domain.
Mobile sources. (29) .
Sources must also be assigned to the appropriate cell of the modeling grid. Since point source locations are typically known to the nearest tenth of a kilometer, it is straightforward to assign them to specific grid cells. Area source emissions are typically only resolved to the county (or equivalent) level in annual inventories and thus must be disaggregated to the grid cell level. Countylevel area source emissions estimates can be apportioned to grid cells using either of two approaches: a) in certain cases, determining the activity levels and emissions of some area sources directly for each grid cell may be feasible; or b) more commonly, the emissions are apportioned by assuming that the distribution of the area source activity behaves similarly to some spatial surrogate indicator (32 (1, 11, 34, 35) . According to Reynolds et al. (11) , MM4/MM5 holds a slight advantage over CAL-RAMS in modeling situations involving large regional scales (20-30 km grid resolutions or larger), lengthy episodes (on the order of a week or more), and in situations where data assimilation is vital to the success of the modeling because it has been applied extensively with FDDA. In contrast, for episodes of limited duration, particularly in situations where the relevant grid scale is of order 1 to 5 km (associated with intense thermodynamically driven circulations), the CAL-RAMS model might be the preferred choice. Data assimilation is also increasingly being used with various versions of CAL-RAMS (1). Regarding recent comprehensive modeling and field studies, CAL-RAMS has been used to develop meteorological fields for ROM2.2 and for UAM-V for LMOS while the MM4 model was chosen as the prognostic meteorological model for the SARMAP study.
It should also be mentioned that the plan for the development of U.S. EPA's MODELS-3 comprehensive modeling system also calls for meteorological inputs to be supplied by prognostic models (27) . The MM4 model is presently being examined by U.S. EPA for this purpose. However, consistent with the emphasis on modularity in MODELS-3, other models will be incorporated in it as well.
Model Evaluation:
Operational and Diagnostic
There exists a pressing challenge today to use valid criteria and methods for Volume 103, Supplement 2, March 1995 determining whether a photochemical model performs well enough for use in regulatory decision making. , the California Air Resources Board (CARB) sponsored a study to establish the basis for consistent photochemical grid model performance evaluations in the near term and to provide a framework for performance evaluation research over the longer term. Many of the conclusions and recommendations of that study (10, 36) were endorsed by scientific panels, the U.S. EPA, and various state environmental agencies (2-4,37) and have been incorporated in procedures now employed in ozone attainment SIP modeling studies (29) . In the following, we will summarize the general recommendations of the CARB study in the context of model performance evaluation for regulatory applications. A distinction between operational and diagnostic evaluation corresponding to two levels of analysis of the modeling process was introduced, and relevant evaluation procedures were recommended for each of these levels. Statistical and graphical performance evaluation measures, as well as standardized investigative simulations, were suggested for operational use. Diagnostic model evaluation methods are recommended to develop greater insight into the strengths and weaknesses of a particular model and the associated databases than is provided by routine operational procedures. In complex modeling situations, or when the operational performance evaluation results are suspect, these diagnostic procedures should be an essential component of the overall evaluation process.
Operational Evaluation Procedures
Several statistical (numerical) and graphical procedures can be used for assessing the performance of grid-based PAQSMs. Recommended methods include the calculation of peak estimation accuracy indices, statistics based on concentration residuals (i.e., the deviations of estimated from observed values) and time series of estimated and observed hourly concentrations. Graphical representations can complement the numerical measures, providing additional insight into model performance. Indeed, certain features of a PAQSM are best analyzed through graphical displays that can provide information such as the relationship between the various measures of peak estimation accuracy, the temporal correlation between estimates and observations, the spatial distribution of estimated concentration fields, the correlation between hourly pairs of estimates observations and residuals to 1990, the variation in bias and error estimates as functions of time and space, and the degree of mismatch between model estimates and point measurements.
Recommended operational model performance evaluation measures involving various types of comparisons between hourly model estimates and observations, and the associated investigative simulations are summarized in Figure 5 ; an explanation and discussion of these measures is presented in the Appendix. It should be mentioned that, while these measures in principle may be applied to any primary or secondary pollutant, in practice due to data limitations, their use is intended primarily for 03 and NO2 concentrations.
The CARB study did not endorse rigid criteria for model acceptance or rejection. Instead, based on review of over Wind speeds reduced 50% Figure 5 . Recommended operational performance evaluation measures and simulations for the regulatory application of Photochemical Air Quality Simulation Models.
Environmental Health Perspectives applications. The modelers should also explain whether the causes of poorer performance will adversely affect the use of the model in control strategy evaluations. This methodology provides reviewing regulatory agencies and policy makers with a general performance target, but still guards against the inappropriate rejection of less accurate model simulations when appropriate and explainable reasons can be provided.
Diagnostic Evaluation Procedures
Recommended diagnostic evaluation analyses (10) include graphical analyses of concentration residuals, multi species comparisons, mass fluxes and budget calculations, and various sensitivity-uncertainty studies, as summarized in Figure 6 .
Analysis ofResiduals. The set of deviations between estimated and observed concentrations in a PAQSM performance evaluation contains significant, though lumped, information about contributions to errors associated with: a) the air quality data used for comparison with model output, b) the soundness of the model formulation, and c) the adequacy of the data supplied as input to the model. In addition to the operational evaluation procedures that are based on the analysis of concentration residuals, insight into model performance can be gained by plotting these residuals against selected variables in order to identify patterns of aberrant behavior. If correlations (relationships) between the residuals and one or more selected variables can be found, the emergent patterns may be (10) . Although ongoing intensive field studies will provide some databases for such evaluations, it is necessary to plan studies for additional regions in the United States and also to consider enhancements to routinely operating meteorological monitoring networks. Clearly, a denser network of upper air stations is required to produce reliable mixing height fields and to resolve and diagnose phenomena such as low level jets, and terrain channeling that affect fluxes of 03 and precursors into and out of major source regions. In fact, meteorological data aloft are needed on an hourly rather than twice-daily basis to evaluate model performance and to ensure that models represent the most important processes contributing to 0 exceedances. Data on hourly upper air wincgs and temperature can be obtained with radar profilers and RASS (radio acoustic sounding systems).
Coastal surface meteorological sites are needed to identify conditions associated with onshore/offshore flow and land-sea breezes. If flow offshore is important, then these phenomena must be represented adequately by regulatory models and the associated databases.
Chemistry Models. The gas-phase chemistry submodel is one of the few components of photochemical models that can be and has long been independently evaluated. Multispecies mechanism testing with environmental chamber data is the best available method of evaluating the chemistry for PAQSMs. The recommended procedure Environmental Health Perspectives for mechanism testing (10) follows a hierarchical approach where testing is initiated at the lowest level in the hierarchy (NO -air experiments to test the inorganic reactions and the chamber characterization procedures) and proceeds to the highest level (longer carbon chain) hydrocarbons by stepwise addition of species with increasingly complex chemistry.
To better evaluate and refine the chemistry components of PAQSMs, research can focus on the following areas: acquiring additional smog chamber data from existing facilities and with existing methods; developing and applying methods to collect data for species not presently measured in existing facilities; and developing cleaner environmental chambers. Data collection and methods development efforts should focus on the identification and subsequent reactions of aromatic ring-fragmentation products, the radical yields in ozone-olefin reactions, the oxidation mechanisms of alkanes with more than five carbon atoms, acquisition of photolytic data for carbonyls, and considerations of multi-day transformations.
In the future, the chemistry of regulatory ozone models should be enhanced to include multiple phases. Some of the regional application-oriented models already incorporate multiphase phenomena, since they were developed with focus on acid precipitation. It is generally accepted today that the inorganic nitrate estimates from these models are fairly inaccurate because they lump together two species that deposit at very different rates (i.e., nitric acid deposits very rapidly while aerosol nitrate deposits slowly) (10 Figure 7 . Comparison of the sensitivity of different metrics of ozone episode severity for July 7, 1988 , calculated using the ROM2.2/UAM-IV modeling system for the Philadelphia-New Jersey domain, with respect to changes in VOC and NOx emission levels: (A) % decrease of the urban domain ozone maximum for various VOC and NOX decreases relative to the base case; (B) 24-hr total of the number of cells in the domain that were predicted to be in non-compliance with the ozone standard each hr; (C) episode severity: of 24-hr total of ozone concentrations in all cells in the domain that were predicted to be in noncompliance with the ozone standard each hr. These interim calculations represent part of a diagnostic analysis that is performed with the 1988 interim U.S. EPA emission inventory and various simplifying assumptions for the meteorological inputs.
Volume 103, Supplement 2, March 1995 Figure 8 . "Tile-map" comparison of the sensitivity of the distribution of daily maximum, hourly-averaged, ozone concentrations (ppm), for July 7, 1988 , calculated using the ROM2.2/UAM-IV modeling system, with respect to changes in VOC and NOx emission levels: (A) base case, (B) VOC and NOx reduced by 50% relative to the base case, (C) VOC reduced by 75% and NOx reduced by 25%, (D) VOC reduced by 25% and NOx reduced by 75%. These "interim" calculations represent part of a diagnostic analysis that is performed with the 1988 interim EPA emission inventory and various simplifying assumptions for the meteorological inputs.
Environmental Health Perspectives Figure 9 . "Tile-map" comparison of the sensitivity of the distribution of hours of noncompliance (> 0.12 ppm) with the ozone standard, for July 7, 1988 , calculated using the ROM2.2/UAM-IV modeling system, with respect to changes in VOC and NOX emission levels: (A) base case, (B) VOC and NOX reduced by 50% relative to the base case, (C) VOC reduced by 75% and NOX reduced by 25%, (D) VOC reduced by 25% and NOX reduced by 75%. These "interim" calculations represent part of a diagnostic analysis that is performed with the 1988 interim EPA emission inventory and various simplifying assumptions for the meteorological inputs. 
Spatially Paired Peak Estimation
Accuracy. The spatially paired peak estimation accuracy describes the discrepancy between the magnitude of the peak one-hour average concentration measurement at a monitoring station and the highest estimated concentration at the same monitor, within 3 hr of the peak. When interpreted along with other measures, it provides insight into the reasonableness of the simulated transport processes leading to the maximum concentration.
Unpaired Peak Estimation Accuracy. The unpaired peak estimation accuracy describes the difference between the magnitude of the peak one-hour average observed concentration and the highest value estimated anywhere in the modeling of region. This is the least stringent of the peak estimation accuracy measures.
Average Station Peak Estimation Accuracy. The average station peak estimation accuracy is the mean of the spatially paired peak estimation accuracies averaged over all monitoring station locations. It is calculated by first determining the spatially paired peak estimation accuracy at each monitoring station and then averaging all these values. The temporal offset between estimated and observed maximum at any monitoring station should not exceed 3 hr. The average station peak estimation accuracy describes how well the maximum concentrations throughout the monitoring network are reproduced.
Mean Bias. The mean bias (mean bias error) is calculated both as a residual quantity and one that is normalized by the observed concentrations. The bias is determined from the average signed deviation of the concentration residuals. It indicates the degree to which observed one-hour concentrations are overestimated or underestimated. Based on the ensemble of estimation-observation pairs, this measure reveals the presence of systematic deviation from observed concentrations. The nonnormalized bias is calculated to aid in developing a robust data base on photochemical model performance evaluation. The mean normalized bias, generally of greater interest, is useful in identifying systematic errors in the model's temporal or spatial response. Since the bias reveals the tendency for systematic overestimation or underestimation, it should be zero in the ideal case. Caution must be exercised in the interpretation of bias because it is possible for large, compensating subregional biases to produce a mean zero estimate.
Variance. The variance of the distribution of residuals describes the dispersion of the residual distribution about the mean. As the second moment of the concentration residual distribution, the variance is a measure of the average spread of the residuals, independent of any systematic bias in the estimates. The variance provides no direct information about subregional errors or about large discrepancies occurring within portions of the diurnal cycle.
Gross Error. The gross error, reported as both normalized and nonnormalized measures, describes the average absolute signed deviation of the concentration residuals. It 
